Abstract: Photochemical oxidation of atmospheric elemental mercury (Hg 0 ) promotes reactive oxidized Hg (Hg II ) adsorption on particles and deposition to the polar snowpack. The deposited Hg either returns to the atmosphere via photochemical reduction or remains in the snowpack depending on the strength of adsorption. In this study, we performed ab initio calculations to understand the atomic-level cause of the fate of adsorbed Hg by determining the adsorption affinity for Hg 2+ , the simplest form of Hg II , of barite, halite, muscovite, illite, and ice-Ih as potential adsorbents. The adsorption affinity was estimated by calculating the energy required to dissociate adsorbed Hg 2+ from the adsorbents. The results reveal that Hg 2+ is stable on the surfaces of the selected adsorbents, except barite, but is prone to photodissociation under solar ultraviolet radiation. This mild adsorption is expected to contribute to the bidirectional exchange of Hg between the atmosphere and the polar snowpack. Thus, this theoretical approach can provide complementary perspectives on polar Hg dynamics beyond the limitations of field and laboratory experiments. Further studies on more complicated and realistic adsorption models with different Hg II species and adsorbent surfaces having diverse defective structures are required to better comprehend air-snow Hg cycling in the polar regions.
Introduction
Mercury (Hg) is of significant concern as a global pollutant, and its behavior and fate in the environment have been intensively studied for several decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The snowpack in polar regions serves as a natural sink in the global biogeochemical cycles of trace elements as long as it remains frozen [2] . Unidirectional deposition prevails among most trace elements that reach the polar snowpack by atmospheric transport, but a series of photochemical redox reactions induces bidirectional exchanges of Hg between the atmosphere and the surface snowpack [3] [4] [5] [6] . Gaseous elemental Hg (GEM, Hg 0 ) is the predominant species of atmospheric Hg and can be transported over long distances due to its relatively poor reactivity [4] [5] [6] . When Hg 0 is oxidized to reactive gaseous mercury (RGM, Hg II ), however, it can be readily incorporated with particles to form particulate Hg (P Hg ), whose deposition causes a substantial increase (decrease) in Hg concentration in the surface snow (near-surface air) [6, 8, 11] . However, it has been proposed that the deposited Hg mostly returns to the atmosphere via a photochemically induced reduction of P Hg to Hg 0 [3, 10, 12] . Depending on the balance between deposition and reemission, the snowpack alternates its role in Hg cycling between a sink and a source from diurnal to seasonal time scales [11] .
The lifetime of P Hg deposited in surface snow is estimated to be 4-24 h under solar ultraviolet (UV) radiation, but it is observed that a minor fraction of P Hg remains in the polar snowpack for a prolonged period in resistance to photochemical reemission and is sequestered from air-snow Hg cycling [3, 6, 10, 12] . Since reducible Hg would mostly return to the atmosphere, P Hg resistant to reemission represents the major Hg form in the deep snowpacks. This fraction can be perennially stored in glaciers or potentially becomes bioavailable to aquatic biota if glaciers melt into the sea [4, 6] . The production of P Hg has not been fully understood, but the adsorption of RGM on snow surfaces might be the most likely mechanism when considering ice as the most abundant adsorbent [1, 2, 8] . However, Hg concentrations have been observed to correlate with other constituents in glaciers, raising the supposition that certain impurities in ice more strongly adsorb Hg to form P Hg . Jitaru et al. proposed strong adsorption of RGM on airborne mineral dust particles to explain synchronous increases in Hg and dust concentrations in Antarctic Dome C ice cores during the glacial periods [2] . Such a relationship was uncertain in a recent Antarctic snowpack. The correlation between sea salt Na + and Hg concentrations was rather significant, suggesting the possibility that sea salt aerosols contribute to the formation of the resistant P Hg [1] . Halides have also been proposed as potential stabilizers of P Hg in other studies ( [1] and other references therein). Laboratory and field experiments have found that the incident angle, and wavelength, intensity of solar radiation, and ambient temperature could affect the photochemical reemission flux [8] [9] [10] 13 ], but explanations for P Hg production and the detailed reaction pathways of Hg reemission have been sparse or descriptive in nature. The main difficulties in experimental studies may lie in reproducing the natural air-snow interaction or in changing controlling factors in the laboratory or the field.
Beyond the experimental limitations, advances in the ab initio calculations (i.e., the quantum chemical calculations [14] [15] [16] [17] [18] ) have enabled exploration of the interactions between Hg and particles all the way down to the atomic level with perspectives on the atomistic origins of P Hg production. This approach has distinct advantages in that Hg speciation and particles of interest can be flexibly designed and that the calculation results can be mutually compared. For example, a previous study calculated the adsorption energies of Hg 0 on ice-Ih surfaces with proton defects and showed that defective surfaces more strongly adsorb Hg 0 than do surfaces without defects [19] . RGM (e.g., Hg 2+ , HgO, HgCl 2 , and HgBr 2 ) are generally regarded to be particle reactive and to facilitate stronger adsorption on particle surfaces, but no direct evidence for the strong adsorption of RGM has been shown. More importantly, there has not been systematic research on which types of particles provide a more effective adsorption surface in the polar snowpack.
The ultimate goal of this study is to gain insight into air-snow Hg cycling at the atomic level by estimating the adsorption affinities for reactive Hg species of potential adsorbents in the polar snowpack. As the first step, we investigate the adsorption of Hg 2+ , the simplest form of RGM, on barite, halite, illite, muscovite, and ice-Ih as potential adsorbents present in the polar snowpack. We compare the relative adsorption affinities by calculating and comparing the binding energies (E Bind ) of Hg 2+ on those adsorbent surfaces. Since the E Bind calculated in this study corresponds to the energy required to dissociate Hg 2+ from the adsorbed surface, it can be presumed that stronger adsorption results in greater E Bind . Based on the calculated E Bind , we discuss the potential role of the selected adsorbents in Hg cycling.
Methods

Selected Adsorbents in the Polar Snowpack
We prepared cleaved surfaces of barite, halite, illite, muscovite, and ice-Ih as adsorbents for Hg 2+ . Barite (BaSO 4 ) is chosen as a representative of volcanic aerosols, and its structure is composed of ionic bonds between two divalent ions (Ba 2+ and SO 4 2− ) [20, 21] . Halite (NaCl) is the major component of sea salt aerosols and has ionic bonds between two monovalent ions (Na + and Cl − ) [1] . Micaceous phyllosilicates (illite and muscovite) are found as terrestrial aerosols in polar regions and have layered structures [22, 23] . The cleaved surface structures of those selected adsorbents are presented in Figure 1 , and their structural parameters, including the number of atoms, the thickness of the cleaved surface, and the size of the structural model, are listed in Table 1 . Diverse surface structures were prepared for the micaceous phyllosilicates (illite and muscovite) and ice-Ih, in which the cleavage planes are interconnected by relatively weak van der Waals interactions and hydrogen bonds because the surface reactivity considerably changes with the atomic configurations in the uppermost layer (details will be discussed later) [24] [25] [26] [27] [28] [29] . The potential adsorption sites on the cleaved surfaces are presented in Figure 2 .
Minerals 2019, 9, x FOR PEER REVIEW  3 of 18 cleaved surface, and the size of the structural model, are listed in Table 1 . Diverse surface structures were prepared for the micaceous phyllosilicates (illite and muscovite) and ice-Ih, in which the cleavage planes are interconnected by relatively weak van der Waals interactions and hydrogen bonds because the surface reactivity considerably changes with the atomic configurations in the uppermost layer (details will be discussed later) [24] [25] [26] [27] [28] [29] . The potential adsorption sites on the cleaved surfaces are presented in Figure 2 . Figure 1 . Cleaved surface structures of (a) barite, (b) halite, (c) illite, (d) muscovite, and (e) ice-Ih viewed from the side of the cleavage plane. The barite, halite, illite, and muscovite structures were cleaved in the direction of (001), and the ice-Ih structure was cleaved in the direction of (0001). Cleaved surface structures of (a) barite, (b) halite, (c) illite, (d) muscovite, and (e) ice-Ih viewed from the side of the cleavage plane. The barite, halite, illite, and muscovite structures were cleaved in the direction of (001), and the ice-Ih structure was cleaved in the direction of (0001). Supercell sizes used to construct surface structure models Figure 2 . Cleaved surface structures of (a) barite, (b) halite, (c) illite, (d) muscovite, and (e) ice-Ih viewed perpendicular to the cleavage planes. The barite, halite, illite, and muscovite structures were cleaved in the direction of (001), and the ice-Ih structure was cleaved in the directions of (0001) and (0001 ). Different occupations of the uppermost K atoms were considered for the surface structures of illite and muscovite: (F) fully occupied, (A1 and A2) partially unoccupied, and (B) fully unoccupied. The surface structures of ice-Ih included various defect structures: (F) the (0001) cleavage plane fully decorated with dangling H atoms, (A1 and A2) the (0001) cleavage plane decorated with proton defects (i.e., partially unoccupied dangling H sites), (B) the (0001) cleavage plane fully decorated with proton defects, and (R) the (0001 ) cleavage plane fully decorated with dangling O atoms. Only the atoms in the uppermost layers are shown. The yellow dashed circles indicate the potential adsorption sites on the cleavage surfaces.
Cleaved Surface Structure of Barite
The crystal structure of barite, BaSO4, was adopted from a previous study and cleaved to produce a (001) surface [30] . The cleavage planes of (001) and (210) are known for both natural and synthetic barites [36] [37] [38] [39] , but only the (001) surface was examined in this study. In the bulk crystal structure, the negative sulfate ions (SO4 2− ) are interconnected with the positive Ba ions (Ba 2+ ). Unpaired O and Ba atoms on the cleaved surface can serve as reactive adsorption sites for charged adsorbates. The potential adsorption sites are presented in Figure 2a Cleaved surface structures of (a) barite, (b) halite, (c) illite, (d) muscovite, and (e) ice-Ih viewed perpendicular to the cleavage planes. The barite, halite, illite, and muscovite structures were cleaved in the direction of (001), and the ice-Ih structure was cleaved in the directions of (0001) and (0001). Different occupations of the uppermost K atoms were considered for the surface structures of illite and muscovite: (F) fully occupied, (A1 and A2) partially unoccupied, and (B) fully unoccupied. The surface structures of ice-Ih included various defect structures: (F) the (0001) cleavage plane fully decorated with dangling H atoms, (A1 and A2) the (0001) cleavage plane decorated with proton defects (i.e., partially unoccupied dangling H sites), (B) the (0001) cleavage plane fully decorated with proton defects, and (R) the (0001 ) cleavage plane fully decorated with dangling O atoms. Only the atoms in the uppermost layers are shown. The yellow dashed circles indicate the potential adsorption sites on the cleavage surfaces.
The crystal structure of barite, BaSO 4 , was adopted from a previous study and cleaved to produce a (001) surface [30] . The cleavage planes of (001) and (210) are known for both natural and synthetic barites [36] [37] [38] [39] , but only the (001) surface was examined in this study. In the bulk crystal structure, the negative sulfate ions (SO 4 2− ) are interconnected with the positive Ba ions (Ba 2+ ). Unpaired O and Ba atoms on the cleaved surface can serve as reactive adsorption sites for charged adsorbates. The potential adsorption sites are presented in Figure 2a .
Cleaved Surface Structure of Halite
We referred to the crystal structure of halite, NaCl, in the literature [31] . Only the (001) cleaved surface was considered for halite due to its highly symmetrical crystal structure. Unpaired and negatively charged Cl atoms (Cl − ) on the cleavage plane are potential adsorption sites for positively charged adsorbates. The potential adsorption sites near the Cl atom, which are symmetrically inequivalent, are presented in Figure 2b .
Cleaved Surface Structures of Illite and Muscovite
The bulk crystal structures of illite and muscovite, (K,H 3 O)(Al,Mg,Fe) 2 (Si,Al) 4 2 , respectively, were obtained from the literature [32, 33] , and they are similar to each other despite their compositional differences (i.e., Si, Mg, Fe, and hydroxide are more abundant in illite than in muscovite) [40] . Their bulk crystal structures are composed of alternating layers of intercalated K atoms and so-called T-O-T layers (i.e., layer composed of a single central AlO 6 octahedral sheet joining two inward SiO 4 tetrahedral sheets on both sides) [32, 33, [40] [41] [42] [43] . The T-O-T layers are interconnected by intercalated K + cations through relatively weak Coulombic interactions; hence, cleavage along this interlayer plane (001) is the most natural [32, 33, [40] [41] [42] [43] . Since the surface reactivity of illite is primarily governed by the ordering of the uppermost K atoms (i.e., the first nearest-neighboring atoms) rather than by the Mg and Fe atoms at the central octahedral sites, Mgand Fe-free illite was used in this study. One-fourth of the Si atoms in the SiO 4 tetrahedral sheets were replaced with Al for both the illite and muscovite structures to balance the charges in the finite-sized surface model structures, although approximately one-sixth of the Si atoms are usually substituted by Al atoms in natural illite containing Mg and Fe [40] . The (001) cleaved surface structures of illite and muscovite were prepared to determine the possibility of Hg 2+ adsorption on the illite and muscovite surfaces. While the ordering of the K atoms on the cleavage planes has not been directly revealed yet [24, 25] , previous studies suggested that the intercalated K atoms may be statistically shared on the cleavage planes directly above the T-O-T layers [25, 26, 44, 45] . Accordingly, several types of (001) cleaved surfaces with different orderings of the uppermost K atoms were prepared for both illite and muscovite. The potential adsorption sites near the ditrigonal siloxane cavities are shown in Figure 2c ,d.
Cleaved Surface Structure of Ice-Ih
The ice-Ih, which is the so-called hexagonal ice because of its atomic configuration, has been known as the primary phase in natural snow and glacier ice [46] . The crystal structure of ice-Ih was chosen from a previous study to produce cleaved surfaces [34] . Several cleavage planes exist for the ice-Ih (i.e., the (0001) basal plane, the (1010) primary prism plane, the (1120) secondary prism plane, and the (20-21) pyramidal plane), but compared to the other cleavage planes, the basal and primary prism planes are easily accessible in experiments [47] . The basal plane and the primary prism plane refer to the top and bottom faces and the six equivalent side faces of the hexagonal column (i.e., going anticlockwise (0110), (1100), (1010), (0110), (1100), and (1010) directions) [47] . We selected the (0001) basal plane for the adsorption affinity calculation. Previous studies have suggested that the (0001) cleaved surface is usually decorated with quasi-randomly distributed dangling H and O atoms (i.e., the lone pairs of hydrogen bonds) originating from either the termination of the top half-bilayer or the orientational disorder of H 2 O molecules in the hydrogen-bonded network (e.g., the Bjerrum L-type defect) [27] [28] [29] 35, [48] [49] [50] [51] [52] [53] . It has been revealed that the dangling H and O atoms on the cleaved ice-Ih surface are significant for the surface energy and the chemical reactivity [27] [28] [29] 48] . Those dangling H and O atoms and the defects can act as reactive adsorption sites for charged adsorbates by forming hydrogen-bond-like electrostatic bonds. We prepared diverse cleavage surfaces with different orderings of H and O atoms to determine how the dangling atoms and the defects affect the adsorption affinity of ice-Ih. Dangling O atoms can be produced by termination of the half-bilayer [51] , but the (0001) cleaved surface was used instead since it was already decorated with dangling O atoms without structural modification. Therefore, both the (0001) and (0001) cleaved surfaces were used to probe the contributions of dangling H and O atoms to the adsorption affinity of ice-Ih. The surface reactivity is also affected by proton defects on the cleaved plane associated with proton hopping (i.e., the Grotthuss mechanism) [54] . For the defect structure, several types of (0001) cleaved surfaces with distinct proton defects (i.e., unoccupied atomic sites for dangling H atoms) were prepared. The details of the cleaved surface structures of ice-Ih are presented in Figure 1e , and the potential adsorption sites are indicated in Figure 2e. 
Constructing the Cleaved Surface Structures
Structure optimization calculations were applied to the adopted bulk crystal structures from References [30] [31] [32] [33] [34] to obtain more precise crystal structures. Each optimized crystal structure was extended to a supercell structure by repeating the unit cell, the symmetrically simplest repetitive unit in the crystal structure, in a certain direction. These extended supercell structures were cleaved along naturally occurring directions. Sufficiently large vacuum spaces of more than ≈40 Å were included above the cleaved surfaces to avoid unexpected interatomic interactions between the periodically repeated layered cleaved surface structures (i.e., because of the periodic boundary condition) [17, 55] . The structure optimization calculations were carried out again for these cleaved surface structures because the interlayer distances and atomic structures near the cleavage planes tend to slightly differ from those in their initial bulk structures.
Binding Energy Calculation
E Bind of Hg 2+ to an adsorbent can be calculated using the following equation [56] :
E AB and E CD refer to the calculated total energies for the adsorbent with Hg 2+ in the initial (i.e., Hg 2+ is far enough from the cleaved surface not to interact with it) and final (i.e., Hg 2+ is stabilized at a potential adsorption site on the cleaved surface) states of adsorption, respectively. Then, (E CD − E AB ) is the total energy difference caused by Hg 2+ adsorption on the cleaved surface of the adsorbent. (E C − E A ) indicates the energy difference associated with configurational changes in the cleaved surfaces during Hg 2+ adsorption, in which E A and E C refer to the calculated energies for the cleaved surface structures before and after Hg 2+ adsorption, respectively. The energy difference in Hg 2+ before (E B ) and after (E D ) adsorption, which originates from the theoretical limitation of using a finite number of basis sets to describe the electron density distribution in the finite-sized structural model, was relatively negligible but was considered in the E Bind calculation [14, 55] . Then, E Bind corresponds to the energy required to remove Hg 2+ from the cleaved surface of an adsorbent. Accordingly, a stronger adsorption affinity for Hg 2+ of an adsorbent will result in a more negative E Bind . A negative E Bind implies that Hg 2+ is stabilized by physiochemical adsorption on an adsorbent. In contrast, a non-negative E Bind indicates that Hg 2+ is unstable on a potential adsorbent. The repulsive interatomic interaction between Hg 2+ and a cleaved surface would result in a non-interacting system in which Hg 2+ is separated far enough from the cleaved surface that the theoretical maximum E Bind would be zero. On the other hand, unexpected positive binding energy (E Bind > 0) can occur when the adsorbate is trapped in a metastable state rather than remaining in the globally minimized non-interacting system (E Bind = 0). Usually, the E Bind of a specific adsorbate can be simplified to E CD − (E C + E D ) if the adsorbate is neutrally charged and the energy difference due to the charge redistribution of the adsorbate is negligible (E AB ≈ E A + E B ). However, this precise E Bind calculation, in which the binding energy is estimated by the direct comparison between the initial and final states of Hg 2+ adsorption, can be applied to the charged system because it can ignore the effect of charge redistribution in the finite-sized structural model, imposing a significant energy difference (i.e., 15-20 eV in the size of the structural model used in this study).
Structure Optimization and Electronic Structure Calculations
Single-point energy calculations and structure optimization calculations for the selected adsorbents were carried out using the ab initio calculations [14] . Single-point energy calculations, which provided the total energy of the surface structure model, were carried out to determine the binding energy of Hg 2+ on the cleaved surfaces. The interatomic interactions were represented with the on-the-fly (OTF) ultrasoft pseudopotential [14] . The on-site electron-electron interactions were determined using the generalized gradient approximation (GGA)-based Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [57] . The long-range order dispersion interactions, such as the van der Waals interaction, significantly influence the molecular crystal structures and cleaved surfaces with hydrogen bond-like long range interactions [58] [59] [60] [61] . Accordingly, the hybrid semi-empirical dispersion correction term based on the Tkatchenko-Scheffler method was applied to the single-point energy calculations and the structure optimization calculations [58, 59] . Since the structure optimization calculations were more time consuming, they were performed with slightly rough convergence criteria for calculation efficiency. The structure optimization calculations used the two-point steepest descent (TPSD) algorithm to search for the stable atomic configurations [62] . The convergence criteria of the structure optimization were set to 2 × 10 −5 eV/atom, 0.05 eV/Å, 0.1 GPa, and 0.002 Å for the total energy, maximum forces, maximum stress, and maximum displacement, respectively. The electronic structures and the interatomic interactions were calculated with the following parameters. The plane-wave-cutoff energy, used to define the precision of the electronic wave functions, was set to 500 eV. The convergence criterion for the self-consistent field (SCF) calculations was set to 2 × 10 −6 eV/atom. Because a more significant number of k points could enhance the calculation accuracy, the single Γ point in the k point grid was used for calculation efficiency. The single-point energy calculations were carried out more accurately than the structure optimization calculations to enhance the accuracy of the calculated total energy values. A higher plane-wave-cutoff energy of 600 eV was used, and a smaller convergence criterion for the SCF calculations of 1 × 10 −6 eV/atom was used. For heavy metal elements including Hg, it is required to consider the relativistic effects when the detailed electronic structures associated with spin-orbital coupling are to be probed [63] [64] [65] . However, introducing a relativistic treatment will cause only slight changes in the calculation results for the simple adsorption. In this study, the commonly used ultrasoft pseudopotential based on the non-relativistic Schrodinger approach was applied to increase calculation efficiency [66] . Figure 3 shows the atomic configurations of Hg 2+ adsorbed on potential adsorption sites on the selected adsorbents. The electrostatic charge of each atom around the bounded Hg (Hg 2+ ) is labeled to represent the charge redistribution resulting from the self-consistent minimization calculations of the electron densities. The charges of the bounded Hg were 0.46-1.12 lower than the point charge of 2.
Results and Discussion
The calculated E Bind values of Hg 2+ at the potential adsorption sites are given in Table 2 and compared between the selected adsorbents in Figure 4 . 2 Total energy change due to the configuration change of the cleaved surface structure caused by adsorption. 3 Small energy change induced by the movement of Hg 2+ during adsorption, owing to the methodological imperfectness of the ab initio calculation using a finite number of basis sets to describe the electronic orbitals in a finite-size surface structure model. 4 Calculated binding energy of Hg 2+ ; a more negative binding energy means a stronger interatomic interaction between Hg 2+ and the adsorbent surface. 5 Type F, A1, A2, and B structures indicate the (0001) cleaved surfaces, and the type R structure indicates the (0001 ) cleaved surface of ice-Ih. 
Hg 2+ on Barite
When each Hg 2+ was placed at the four potential adsorption sites on the (001) cleaved surface of barite (Figure 2a) , the EBind values were calculated to be non-negative in the range of 1.0154-1.8952 eV ( Table 2 ) and plotted in the unstable regime in Figure 4 for all cases. These results (EBind > 0) suggest that Hg 2+ could not be stabilized on the barite surface. Although the result in Figure 3a presents covalent-like bonds between the Hg 2+ and neighboring O atoms, this atomic configuration was likely in a metastable state as indicated by the non-negative EBind. Therefore, the adsorption affinity for Hg 2+ of barite could be concluded to be poor. Because of the improbable adsorption of highly reactive Hg 2+ on the barite surface, Hg might only coexist with barite as fluid inclusions or by substitution into the crystal lattice ( [67, 68] and references therein). For example, barite has been used as a weighting agent 
When each Hg 2+ was placed at the four potential adsorption sites on the (001) cleaved surface of barite (Figure 2a) , the E Bind values were calculated to be non-negative in the range of 1.0154-1.8952 eV ( Table 2 ) and plotted in the unstable regime in Figure 4 for all cases. These results (E Bind > 0) suggest that Hg 2+ could not be stabilized on the barite surface. Although the result in Figure 3a presents covalent-like bonds between the Hg 2+ and neighboring O atoms, this atomic configuration was likely in a metastable state as indicated by the non-negative E Bind . Therefore, the adsorption affinity for Hg 2+ of barite could be concluded to be poor. Because of the improbable adsorption of highly reactive Hg 2+ on the barite surface, Hg might only coexist with barite as fluid inclusions or by substitution into the crystal lattice ( [67, 68] and references therein). For example, barite has been used as a weighting agent of drilling fluid in petroleum engineering due to its chemical stability, and it compatibly contains Hg as an impurity [67, 68] . Barite may not have a significant role in Hg cycling in the polar snowpack because a chemical reaction between them is unlikely. If correlations are found among Ba, SO 4 , and Hg in the polar snowpack, preexisting Hg in barite should be carefully taken into consideration.
Hg 2+ on Halite
The two potential adsorption sites on the (001) cleaved surface of halite, directly above the Na and Cl atoms (Figure 2b) , resulted in distinctly different binding energies. The E Bind near Na was 0.5771 eV ( Table 2 ) and plotted in the unstable regime in Figure 4 (E Bind > 0) due to the locally applied repulsive interactions arising from the positively charged Na. In contrast, Hg 2+ appeared to be stabilized in the form of HgCl 2 near the negatively charged Cl atoms (Figure 3b) , with a negative E Bind of −0.7535 eV ( Table 2 ). These results suggest that the adsorption affinity for positively charged Hg 2+ of the halite surface is dependent on the neighboring atoms, and thus, halite can stabilize Hg 2+ on its surface by facilitating the formation of HgCl 2 . The favorable adsorption of Hg 2+ on halite is consistent with the correlation observed between the Hg and the sea salt concentrations in an Antarctic Plateau snowpack [1] . In this case, the supposition that the sea salts have enhanced Hg deposition in the polar regions seems to be reasonable at the atomic level [1] .
Hg 2+ on Illite and Muscovite
The considered adsorption surfaces of illite and muscovite are shown in Figure 2c ,d with the different orderings of the uppermost K atoms. The calculated E Bind at potential adsorption sites of illite and muscovite ranged from −1.3098 to −0.1390 eV and from −2.0415 to −0.8109 eV, respectively. For both illite and muscovite, reactive adsorption sites were observed directly above the empty ditrigonal siloxane cavities (i.e., sites lacking the uppermost K atoms; type-A1, A2, and B in Table 2 ). At these sites, Hg 2+ formed covalent-like bonds with the adjacent O atoms (Figure 3c,d) . Unexpectedly, the E Bind was lower when the uppermost K sites were fully unoccupied (type-B in Table 2 ) rather than partially occupied (type-A1 and A2), as presented in Table 2 and Figure 4 . This result occurred because the structural distortions of the empty siloxane cavities (i.e., the O atoms at the edge of the ditrigonal siloxane cavities move slightly toward the center, as shown in Figure 2c ,d) could mitigate the structural changes in the cleavage planes during Hg 2+ adsorption and the corresponding energy differences (see E C − E A and E Bind in Table 2 ). Despite the presence of the positively charged uppermost K atoms, Hg 2+ could be stable on the cleaved surfaces even with the fully occupied K sites. This result seems to be caused by the K atoms compensating for the electron-deficient Hg 2+ during the charge redistribution (the charge of the stabilized Hg 2+ was reduced to 0.02 and 0.01 for illite and muscovite, respectively), resulting in a reduction in the repulsive interatomic interactions. Overall, illite and muscovite are capable of stabilizing Hg 2+ on their surfaces and even on the cleaved surface fully decorated with positively charged K atoms. Adsorption of heavy metals to clays and associated kinetics have been intensively investigated because of their significance toward the disposal of persistent metallic pollutants in aqueous environmental systems ( [69, 70] and other references therein). For instance, the adsorption affinity for Hg II of micaceous phyllosilicates, such as montmorillonite, muscovite, and illite, in the presence of coexisting substances in the aqueous phase (e.g., fulvic and other acids and dissolved organic matter) has been explored [71] [72] [73] [74] [75] [76] , revealing that the clay minerals can effectively adsorb Hg II in solution. Given that coexisting substances were not considered in this study, which is more relevant to Hg cycling between the polar atmosphere and snowpack [22, 23] , our results further suggest that direct adsorption of Hg II on the clay minerals is probable.
Hg 2+ on Ice-Ih
The (0001) cleaved surfaces of ice-Ih consisting of configurationally different uppermost bilayers are shown in Figures 2e and A1 . The calculated E Bind for Hg 2+ on ice-Ih ranged from −4.0785 to 0.0442 eV ( Table 2) . The E Bind on the surface with fully ordered dangling H atoms (type-F in Table 2 ) had a non-negative value, implying that Hg 2+ is slightly unstable near the positively charged dangling H atoms ( Figure A1a ). In contrast, the E Bind values of Hg 2+ on the (0001) cleaved surface with fully ordered dangling O atoms (type-R in Table 2 ) are revealed to be in the stable regime in Figure 4 , suggesting Hg 2+ adsorption near the negatively charged dangling O atoms. In Figure 3e , for example, Hg 2+ formed multiple covalent-like bonds with the surrounding dangling O atoms. Hg 2+ was more stable when captured by multiple dangling O atoms (i.e., Figure 3e ; R(01) in Figure 4 ) than when placed directly above a single dangling O atom (i.e., Figure A1f ; R(02) in Figure 4 ). The proton defects on the (0001) surface (type-A1, A2, and B in Table 2 ) were revealed to be potential reactive adsorption sites (E Bind < 0), at which Hg 2+ formed covalent-like bonds with nearby unpaired O atoms (Figure A1b-e) . Like those of illite and muscovite, structural distortions around the proton defects were shown to affect the surface reactivity of ice-Ih: The greater the number of proton defects present, the greater the structural distortion of the uppermost bilayer, mitigating the structural distortion associated with Hg 2+ adsorption. Consequently, Hg 2+ entirely decorated with proton defects became less stable than that partially decorated with proton defects. If all cases are taken together, the results show that ice-Ih is capable of stabilizing Hg 2+ on its surface despite the wide range of E Bind determined from the surface atomic configurations.
To understand chemical processes in polar environments or interstellar media, unusual chemical reactions on ice-Ih surfaces have been studied with sophisticated experimental techniques [50, [77] [78] [79] [80] [81] [82] . Theoretical approaches using the ab initio calculations have also been applied to the adsorption of specific adsorbents on ice-Ih surfaces, such as acids (HOCl, HCOOH, and CH 3 COOH), halide ions (F − , Cl − , and Br − ), alkali metals (Na and Na + ), and heavy metals (Hg 0 ) [19, 49, 83, 84] . In these studies, the dangling H and O atoms and the proton defects were revealed to be the reactive adsorption sites on the (0001) cleaved surfaces because of their electronic instability. In particular, defective ice-Ih was shown to be able to adsorb Hg 0 [19] , although the binding energy was calculated to be less negative (from −0.31 to −0.14 eV; [19] ) than E Bind for Hg 2+ obtained in this study (from −4.08 to −0.36 eV). The lower E Bind for Hg 2+ reflects relatively strong interatomic interactions between Hg 2+ and the ice-Ih surfaces. Thus, it can be concluded that due to its highly reactive characteristics, Hg 2+ is considerably involved in Hg cycling in polar snowpack and fractional deposition.
Relative Adsorption Affinities to the Selected Adsorbents
Comparison of the E Bind values provides an opportunity to address the relative adsorption affinity between Hg 2+ and the selected adsorbents ( Figure 4 and Table 2 ). While most of the selected adsorbents were revealed to be able to stabilize Hg 2+ on their surfaces (E Bind < 0), ice-Ih seems to be the most effective adsorbent. However, caution is needed when concluding that natural ice is superior to the other surfaces for Hg 2+ adsorption because the defective surface structures of ice-Ih, particularly the proton defects formed by proton hopping [19, 77, 78, 82, 85] and the dangling O atoms formed by half-bilayer termination [51] , can not only enhance adsorption affinity but also increase structural instability [51, 78, 85] . In the natural environment, the occurrence of such reactive but energetically unstable surfaces can therefore be less probable. Thus, the adsorption affinity for Hg 2+ of natural ice, likely decorated with fewer structural defects, might be smaller than the ice-Ih that was decorated full of structural defects estimated here, implying fewer interatomic interactions. Likewise, the adsorption affinity of illite and muscovite can be smaller than their estimated maxima depending on the natural abundance of unoccupied uppermost K sites. In summary, Figure 4 provides a comparison of the range of E Bind values between the adsorbents and shows that all the adsorbents, except barite, can stabilize Hg 2+ on their surfaces; however, the relative effectiveness of adsorption is determined by the abundance of reactive adsorption sites on the adsorbent surface.
Implication for Hg Cycling between the Polar Atmosphere and Snowpack
Adsorption and dissociation can change the form of Hg between reactive gaseous Hg II and P Hg , and hence have been considered the mechanisms that likely promote bidirectional Hg exchange between the atmosphere and the surface snow [3, 4, 10, 12] . In this regard, the calculated adsorption affinities of adsorbents provide quantitative support for the conceptual understanding of the role of adsorption and dissociation in Hg cycling, thus expanding the atomistic-level discussion to the natural implications. Our results support that snow and marine and terrestrial aerosols contribute to the formation of P Hg by capturing atmospheric Hg 2+ on their surfaces in polar regions. The lifetime (e-folding decay time) of P Hg in the surface snow after deposition, estimated via a laboratory experiment [3, 4, 10, 12] , was 4-24 h under UV radiation in an effective wavelength range from 280-400 nm. The energy of the photons corresponding to the wavelength range is within 3.10-4.43 eV and comparable to the calculated E Bind (Table 2 and Figure 4 ). This finding suggests the slight chance that adsorbed Hg 2+ may be photodissociated by UV irradiation to participate in air-snow Hg cycling. Conventional ab initio calculations are known to sometimes underestimate the actual E Bind [86] , but our results offer a rather reliable estimation of E Bind since the semi-empirical dispersion correction was applied to account for the non-local van der Waals interactions between the approaching Hg 2+ and the cleaved surfaces [59, 86] . The halite results suggest the formation of HgCl 2 molecules by Hg 2+ adsorption on the cleaved surface (Figure 3b ). HgCl 2 is found as one of reactive gaseous Hg II species over the polar snowpack [3] [4] [5] 13] , but direct dissociation of HgCl 2 from a pristine halite surface seems to be unlikely because of the high energy required to dissociate two bound Cl atoms from the surface (approximately −4.26 eV each). Nevertheless, we cannot exclude the possibility of HgCl 2 liberation from atomic and molecular defects where the structural instability is high. In this case, Hg cycling involves HgCl 2 , and halite represents a source of chlorine for the near-surface atmosphere.
Despite intense reemission of deposited Hg, a fraction of Hg is observed to be sequestered from Hg cycling and to remain perennially in the snowpack [1, 8, 10] . It is still unclear what controls the degree of Hg sequestration. Although our results do not provide a decisive clue, at least the P Hg discussed in this study seems to rarely contribute to Hg sequestration, as indicated by the relatively smaller E Bind than expected. In addition, E Bind values of illite, muscovite, and halite were less negative than those of ice-Ih, and hence, their stabilizing effects are unlikely to be superior to those of ice-Ih. This interpretation is contrary to the expectations of previous studies in which clay minerals and sea salts were anticipated to act as stabilizing agents for Hg deposited in the polar snowpack. Therefore, the enhancement in Hg sequestration and the consequent increase in Hg concentration in the snowpack should be discussed further, taking into consideration both other adsorbates and adsorbents with greater E Bind and external causes, such as heavy snowfall burying deposited Hg below the sunlit layer [13] .
Limitation and Future Study
Despite the efforts in this study, there are limitations to be considered in discussing the implications for natural phenomena, especially regarding cleaved surface structures, Hg compounds, and temperature.
For the selected adsorbents, several types of cleaved surfaces were explored to cope with the diverse defective structures. However, the structural defects of the barite and halite surfaces were ignored for calculation efficiency. In addition, although we prepared surface structures of illite, muscovite, and ice-Ih with different structural defects, more complicated structural defects and disorders than those considered in this study would also exist. For example, ice-Ih has been known to have ionic defects such as hydronium (H 3 O + ) and hydroxide (OH − ) induced from structural disorders as follows [77] [78] [79] [80] [81] 85] : proton disorder associated with molecular disorientation of H 2 O molecules at a finite temperature (>72 K) within the constraints of the Bernal-Fowler-Pauling ice rules [27] [28] [29] 87] , quasi-randomly distributed dangling H and O atoms formed by the full-or half-bilayer terminations [51, 82] , molecular point defects due to sublimation of H 2 O molecules [53, 88, 89] , proton defects caused by the Grotthuss mechanism [77, 78, 82] , and a quasi-liquid layer arising from thermally induced molecular disorder [50, 77, 79, 82, [90] [91] [92] .
Air-snow Hg cycling would include diverse Hg compounds, such as adsorbates [6, 8, 10] , which were not addressed in this study. Reactive gaseous Hg compounds (e.g., HgO, HgCl 2 , and HgBr 2 ) have been expected to readily adsorb on particulates and be deposited on the surface snow [3] [4] [5] 13] . Therefore, the adsorption and dissociation of these Hg compounds should be analyzed in future studies to comprehensively demonstrate Hg cycling. Coexisting substances need further consideration since they directly or indirectly influence the behavior of Hg with competitive or cooperative interactions. The presence of reducing agents in snow (such as benzophenone) can cause Hg II reduction to Hg 0 , which is likely to be reemitted from the adsorbed particle surface [10] .
The conventional ab initio calculations used in this study provide only the energy of the electronic contribution at 0 K [93] . Because adsorption of Hg compounds on ice surfaces in polar regions occurs at finite temperatures (>200 K), thermally induced structural disorder [50, 77, 79, 82, [90] [91] [92] , hopping of excess protons [77, 78, 82] , and vibrational energy and entropy [9] should be explored in future studies to obtain a comprehensive understanding of the consequent changes in the surface reactivity of ice and the Hg adsorption rate.
Conclusions
Adsorption has been postulated to play a significant role in the air-snowpack exchange of Hg in polar regions but has hardly been investigated in laboratory and field experiments. The present study was designed to address the role of adsorption at the atomic scale by using the ab initio calculation and to discuss its implication for Hg cycling. As a first step of the calculational approach, relatively simple adsorption processes of Hg 2+ on barite, halite, illite, muscovite, and ice-Ih were explored to evaluate the adsorption affinity of the selected adsorbents. The results revealed that Hg 2+ can be stabilized on the surfaces of halite, illite, muscovite, and ice-Ih (but not barite), forming P Hg and facilitating Hg deposition. The calculated binding energies of Hg 2+ were comparable to the photon energy of UV irradiation (280-400 nm wavelength), suggesting the possibility of direct photodissociation of adsorbed Hg 2+ to participate in air-snow Hg cycling. Overall, our results highlight that mild adsorption of Hg 2+ on ice and aerosol particles, and the subsequent photodissociation, can contribute to dynamic Hg cycling between the near-surface atmosphere and the surface snow in polar regions. Nevertheless, the current results do not seem to support the previous supposition that sea salts and mineral dust particles adsorb reactive gaseous Hg more than ice particles and promote Hg sequestration in the polar snowpack; rather, ice-Ih had a stronger adsorption affinity than halite, illite, and muscovite. This unexpectedly significant role of ice-Ih in air-snow Hg cycling needs to be further investigated in future studies, including those addressing diverse reactive gaseous Hg species as adsorbates and more varied surface structures of adsorbents. We claim that this systematic theoretical approach can provide a unique perspective on the behavior of Hg across the interface of the atmosphere and polar snowpack at the atomistic scale. 
